■ INTRODUCTION
Heme is an essential prosthetic group for a myriad of proteins which function in a wide spectrum of biological processes. These processes include electron transport, gas transport and sensation, circadian clock control, micro-RNA processing, and gene regulation. 1−5 Heme can be exogenously acquired, primarily as a source of dietary iron uptake, and endogenously synthesized via an eight-step pathway in the eukaryote mitochondria. 6 Free heme, however, is toxic because it induces oxidative stress and reacts with proteins and the lipid bilayer. 7−9 Therefore, a specific molecular mechanism must exist to transport cellular heme from sites of storage or synthesis to specific hemoproteins which reside in virtually all intracellular organelles. In mammals, defects in heme synthesis lead to anemia and porphyrias. 10−12 By contrast, nematodes such as the free-living Caenorhabditis elegans and related parasitic helminths lack the ability to synthesize heme but instead acquire heme from the environment. 13 Helminths infect hundreds of millions of people worldwide, posing huge challenges to public health. 14 The treatment of helminthiasis calls for new ways to tackle the problem even as drug resistance is on the rise. 15 Therefore, studies aimed in elucidating heme transport pathways could be key in understanding human blood disorders and help develop therapeutics to curb helminthic infections.
Despite the significance of heme transport and trafficking, only a few players have been identified and characterized to date. 16−19 To push this endeavor further, methods for heme imaging were developed. Zinc mesoporphyrin (ZnMP), a heme analogue that has fluorescence emission around 600 nm, has been used to follow heme uptake and distribution. Yet, the reliability of ZnMP is weakened by a lack of biological relevance, toxicity, and limited sensitivity. 20, 21 Another strategy for heme imaging in live cells is based on the principle that association of heme either enhances or attenuates the fluorescence resonance energy transfer (FRET) process or quenches the fluorophore. 22−25 Typically, these sensors recognize only labile heme. 22, 23, 25 Moreover, the FRET sensors could perturb normal heme homeostasis by sequestering heme and distorting labile heme. 22, 23, 25 Recently, a horseradish peroxidase (HRP)-based sensor was engineered based on the enhancement of HRP activity upon heme-binding. The HRP protein was specifically targeted to various subcellular compartments and was sensitive enough to probe micromolar levels of labile heme. 26 Yet, this sensor cannot probe heme in living cells due to the need for in situ histochemical detection. In summary, current methods either image a heme substitute or pick up indirect signals from a heme sensor.
Transient absorption (TA) microscopy 27−29 allows for direct visualization and quantification of chromophores having low fluorescence quantum yield. In principle, TA microscopy uses two-pulsed laser beams, one as pump and the other as probe, to measure the excited state dynamics of a chromophore. Timeresolved TA microscopy takes a series of image of the specimen at various delays between the pump and probe pulses. The decay rate of the TA signal describes how fast the molecule returns to the ground state after excitation by the pump pulse. Because a molecule in different forms could decay at distinct rates, the decay curve serves as a spectral signature to differentiate the various forms of the molecule. The TA signal peaks when the pump and probe pulses reach the specimen at roughly the same time.
TA microscopy was first reported in 1995 by Dong et al. 30 and since has been applied broadly. In the materials science field, Hartland, Vallee, Orrit, and coworkers applied TA microscopy to study carrier dynamics in a variety of metal nanomaterials. 31−34 Zhang, Huang, and coworkers employed TA imaging to study semiconducting nanomaterials. 35−37 Cheng and coworkers applied TA microscopy to differential semiconducting and metallic carbon nanotubes 38 and to visualize graphene in biological systems. 39 For biological molecules, the Warren group pioneered the development of two-color TA imaging 40 to melanoma diagnosis based on the differentiation of eumelanin and pheomelanin. 41 Xie group demonstrated TA imaging of nonfluorescent chromophores in living cells. 42 Very recently, Wilson and coworkers reported TA measurement of heme in adipose and heart frozen tissue sections. 43 Here, we exploit TA microscopy to map spatiotemporal dynamics of heme in live organisms. We first establish the sensitivity, specificity, and spatial resolution of our microscope and then deploy TA microscopy to directly visualize heme uptake and subcellular localization of heme in genetic mutants of C. elegans and live mammalian cell lines. Collectively, our results demonstrate a viable platform for label-free imaging of heme in live biological systems.
■ EXPERIMENTAL SECTION
Biological Specimens. C. elegans. WT, IQ6011, LRO marker glo-1:gfp, mrp-5 deletion strains were provided by Dr. Iqbal Hamza's lab. The worms were maintained in a 20°C incubator (Tritech research DT2-MP-47L) and on NGM plates as documented in Wormbook. 44 To incubate worms with various concentrations of hemin (Frontier Scientific H651-9), worms were cultured on NGM plates and synchronized by bleaching and L1 arrest, as documented in Wormbook. 44 Two millimolar hemin stock (dissolved in 0.3N NH4Cl, pH 8.0) was diluted in mCeHR2 medium to the desired concentration before worms were added. RNAi knockdown was performed in accordance with the protocol documented in Wormbook. 44 To immobilize worms for imaging, worms were harvested and washed using M9 buffer 3 times to remove medium residues and then anesthetized in 20 mM NaN 3 (Sigma S2002) for 10 min. One hundred to two hundred worms were added on predried 1% agarose (Thermo 16500500) pad sandwiched between cover glasses (VWR 16004-338).
HEK293A cell line was provided by Dr. Iqbal Hamza's lab. Cells were cultured in DMEM medium (Thermo 11965092) with 10% fetal bovine serum (Corning 35-010-CV) and 100 U/ mL penicillin/streptomycin solution (Thermo 15140122). Prior to imaging, cells were washed with phosphate buffered saline (PBS, Thermo 10010023) 3 times to remove medium residue and soaked in PBS for imaging.
Transient Absorption Microscopy. Transient absorption imaging was performed following a protocol in previous publication. 45 The laser source was a femtosecond pulse laser (Spectra-Physics Insight) operating at 80 MHz with 2 synchronized outputs. Lasers at 520 and 780 nm were chosen as pump and probe beams, respectively. The pump beam was modulated at ∼2.5 MHz using acoustic-optical modulator (Isomet 1205-C); the probe beam went through a delay-tuning stage and combined with pump beam. The combined beams were directed to a 60×, 1.2 NA water immersing objective (Olympus UPlanApo/IR). After interacting with the specimen, photons were collected by a 1.4 NA oil condenser (Olympus U-AAC) and filtered to let probe beam through. The probe photons were detected using a photodiode (Hamamatsu 3994), and the modulated transient absorption signal was amplified by a lab-made resonant circuit. The signal was then further amplified and extracted by lock-in amplifier (Zurich Instrument HF2LI) with time constant setting as 7 μs. To record timeresolved TA curves, a delay-tuning stage was used to tune the delay between pump and probe pulses, with 66.7 fs per step. A whole frame was recorded at each delay position before the stage moved to the next delay position. The delay curve was processed using ImageJ software and plotted using Origin software. Decay curve was fitted with double exponential decay model as described previously. 33 Quantification of heme amount inside a worm was performed by either intensity or area. In general, a constant threshold was applied to the raw images to filter out background, and then the intensity or the area of the hemeindicating pixels were calculated using ImageJ and normalized by the total pixel number of a worm imaged, which was calculated by manually defining the boundary of worm using the transmission image of the same field of view and then tallying the pixel number using "Measure" function in ImageJ software. Sensitivity of TA microscopy for hemin was obtained by finding the concentration of hemin where signal-to-noise ratio was 2.0.
SRS and TPEF Microscopy. Stimulated Raman scattering (SRS) imaging was performed in accordance with a protocol in previous publication. 46 Forward-detected two-photon excitation fluorescence (TPEF) imaging was performed using the 780 nm pulsed laser as the excitation light. TA, SRS, and TPEF imaging were conducted on the same microscope platform. Quantification was done as described above.
Spontaneous Raman Spectroscopy. Spontaneous Raman spectroscopy was performed on a Horiba confocal Raman microscope (Horiba Scientific Labram HR Evolution) in accordance with the user's manual. Worm sample was prepared as described in the Biological Specimen section. Worms were first inspected using bright field microscopy. Because heme granules typically showed as bright or dark granules under bright field microscopy, we picked those granules for spontaneous Raman spectroscopy imaging. Laser wavelength: 532 nm; laser power: 1%; pinhole size: 50 μm; dwell time: 5 s; objective: 40× air; grating: 600 l/mm.
Statistical Analysis. One-tailed Student's t test was used for all significance tests. N is at least 5 for each group. * denotes p < 0.05; ** denotes p < 0.01; *** denotes p < 0.001. 
To start, we tested the sensitivity of our TA microscope ( Figure  S1 ) in detecting heme in vitro. We used 200 fs pulses at 520 and 780 nm as pump and probe beams, respectively, and fixed the on-sample laser power to 5 and 17 mW for pump and probe. We then measured the zero delay TA intensities as a function of increasing concentrations of hemin solution ( Figure  1a ). TA intensity was found to be linear with respect to hemin concentrations, as predicted theoretically (Figure 1b , R = 0.998). The sensitivity of our TA microscope was found to be ∼9 μM heme based on a signal-to-noise ratio of 2.0.
To determine the utility of TA microscopy for heme imaging, we exploited C. elegans as an animal model. C. elegans is a unique biological system to test instrument sensitivity and establish threshold for detection because they do not synthesize heme; endogenous heme levels are a direct function of exogenous heme supplementation. Synchronized wild-type (WT) L1 larvae were grown in liquid axenic mCeHR2 medium or mCeHR2 medium supplemented with 200 μM hemin for three days followed by zero time delay TA imaging. As revealed in Figures 1c and d , the hemin-fed worms display heme accumulation in the intestine, whereas only trace amount of heme was detected in the intestine of worms kept in medium without hemin. In addition, the hemin-fed worms displayed larger and more intense heme-containing puncta within the intestine than worms grown in low heme medium (Figures 1c  and d) . In addition, a trace amount of heme, which is probably from maternal passage, is observed in worms grown in medium without hemin supplementation (Figure 1c) . The TA imaging reveals heme storage sites within vesicle-like granules in the intestine (Figure 1d ) as well as in the pharynx and hypodermis ( Figure S2) .
To further characterize the heme storage sites, we recorded and compared the TA decay curve of the heme granules with that of hemin powder and of hemin solution and found the former nicely matched the decay curve of heme granule ( Figure  1e ). These data suggest that heme might exist in a clustered, solid-state form inside the granules. To further confirm the existence of heme inside these granules, we recorded spontaneous Raman spectra of the heme granules from worms grown on solid agar-based NGM with and without hemin (Figure 1f ). Both groups show the characteristic peaks at 765 and 1140 cm −1 , corresponding to vibrations of C−H bond and pyrrole ring in heme, 47 also found in the control hemin solution. Taken together, these data indicate that TA microscopy has the capacity of imaging heme in live C. elegans.
We noted that the standard procedure to grow C. elegans in most biological studies is on NGM agar seeded with E. coli OP50 strain. 44 Thus, we checked whether TA microscopy has the sensitivity to probe heme granules under this condition. Figure S3 shows that heme granules were observed in intestine cells of WT worms at both L2 and L4 stages. Together, these results demonstrate that TA microscopy has the sensitivity to monitor heme stores under normal growth conditions.
To examine whether TA microscopy could quantify heme uptake in worms grown under varying heme concentrations, 48 we cultured WT worms in mCeHR2 medium supplemented with 5, 20, 50, 80, and 110 μM hemin for 16 h and then imaged intestinal heme stores (Figure 2a ). Heme accumulation in the worms corresponds to heme supplemented in the growth medium (Figure 2b) . Interestingly, the curve can be fitted linearly (Figure 2b , R 2 = 0.98), indicating the uptake of heme is not saturated even at 110 μM.
Next, we explored the accuracy of TA microscopy in monitoring heme homeostasis in C. elegans. We used IQ6011, a strain genetically engineered to express green fluorescence protein (GFP) driven by the hrg-1 promoter; intestinal GFP expression inversely correlates with heme concentrations in the growth medium. 16 IQ6011 was grown either in mCeHR2 medium with or without 200 μM hemin for 11 h, and worms were imaged for heme and GFP using TA and two-photon excitation fluorescence (TPEF) microscopy, respectively. As expected, we found a negative correlation between GFP and TA intensity (Figure 2c) . We also noted that in addition to the diffused GFP signal, TPEF also detected autofluorescent gut granules, 49 which we filtered out. As shown in Figure 2d , when incubated with 200 μM hemin, the intestinal heme level is significantly higher, and GFP level is correspondingly downregulated.
We noticed that planar imaging at focal plane creates a relatively large standard deviation for specimens with heterogeneity along z-direction. Three-dimensional (3D) imaging overcomes this problem by sampling frames along the z-direction. To demonstrate the 3D sectioning capability of TA microscopy for imaging heme in C. elegans, we applied a piezo scanner and sampled the worms along the axial direction with a step size of 0.5 μm. The spatial resolution along the axial direction was found to be ∼2.0 μm, and the lateral resolution was ∼0.5 μm, as determined by full-width half-maximum ( Figure S4) . Comparing images at different depths, we found that heme levels varied greatly, while heme levels from the planes closer to the center of the worm displayed less variation (Figure 2e , z = 7.5, 10, and 12.5 μm). These results demonstrate that TA microscopy can be adapted for the 3D imaging (Figure 2f and Supporting Video 1) and studying biological samples with axial heterogeneity.
Harnessing the high-speed capacity of TA imaging (0.5 s per frame), we characterized the dynamics of heme granules inside intestine cells of live worms. To this end, we collected WT worms at the L4 larval stage from NGM agar plates and incubated them in mCeHR2 medium supplemented with 200 μM hemin for 1 h and performed continuous TA imaging of the intestine (Supporting Video 2). Strikingly, the majority of intracellular heme granules is dynamic and mobile; one larger granule breaks down into smaller granules (Figures 3a and b) . This continuous breakdown event presents a possible mechanism by which heme granules are metabolized and utilized. Collectively, these direct and noninvasive dynamic imaging provide new insights into heme storage and transport in C. elegans.
We reasoned that heme could be organized within lipid droplets or enclosed by membrane structures such as lysosomal-related organelles (LRO) which contain cholesterol and lipofuscin. 50−52 We used SRS microscopy (C−H vibration) to light up lipid droplets in the intestinal cells of C. elegans and imaged heme in the same field-of-view by the TA mode on the same platform. We found that heme granules and lipid droplets do not overlap (Figure 4a ). We then tested whether heme granules reside in LRO which emits green autofluorescence upon excitation. 50 Taking advantage of this property, we applied TPEF and TA to light up LRO and heme, respectively. Hemin-fed WT worms display solid-green fluorescence which colocalizes with heme granules (Figure 4b ), indicating that heme is concentrated within LRO. To confirm this result, we used GLO-1, a lysosomal surface protein that localizes to the LRO, and GLO-1 fused GFP displays a ring-shaped morphology. 53 We imaged heme-fed GLO-1::GFP transgenic worms using TPEF and TA signals. As expected, the heme granules were encircled by ring-shaped LRO membrane ( Figure  4c ). Collectively, these multimodal imaging data reveal that heme is stored in LROs.
Heme import into the worm intestine is mediated by the apical transporter HRG-4, while heme export from the intestine is mediated by the basolateral transporter MRP-5. 17, 19 To genetically validate heme imaging by TA microscopy, we used hrg-4 and mrp-5 mutant worms. hrg-4 depletion by RNAi resulted in significantly lower amounts of heme accumulation (Figures 5a and b) , while mrp-5 mutants (ok2067) accumulated greater amounts of heme in the intestine (Figures 5c and d) . In addition to storage in intestine, it has been reported that maternal heme is transported by HRG-3 to embryos. 48 However, heme has not been directly visualized in either oocytes or embryos. To image heme in these tissues, we cultured WT worms in mCeHR2 medium supplemented with 20 μM heme and imaged oocytes and developing embryos by TA imaging. We observed trace amounts of heme in fertilized eggs (Figure 5e) , and a moderate level in oocytes (Figure 5f ). These studies further support the imaging capabilities of TA microscopy in imaging heme and screening for regulators of heme homeostasis.
To visualize heme at the cellular level, we used HEK293A cells grown with or without supplementation of 100 μM hemin (Figure 6a ). Under basal conditions, heme signals were observed as perinuclear, which intensified in the presence of 100 μM heme as vesicular puncta (Figure 6a ). The decay curve of heme granules in mammalian cells fed with 100 μM heme resembled that of hemin solution rather than hemin powder (Figure 6b) , suggesting that the puncta formed in the presence of heme are likely to be soluble heme confined within membrane-enclosed structures.
■ DISCUSSION
In this study, we demonstrated TA microscopy for imaging heme storage, distribution, and dynamics in living biological models. The on-sample pump and probe laser powers were 6 and 17 mW, respectively. We did not observe photobleaching of samples even after continuous imaging for over 10 min. The sensitivity of our TA microscope at this laser power level for hemin solution is 9.2 μM. Although the labile heme level in worms is ∼1.0 μM 17, heme also exists in a protein-bound state. We reason that the observed diffused heme in worms cultured under normal maintenance condition ( Figure S3 ) consists of labile and protein chelated heme. 54 We note that picosecond SRS microscopy has been used to image hemoglobin in red blood cells at video rate speed. 46 However, the detection sensitivity of SRS microscopy for endogenous molecules is at millimolar level, which is not sufficient for imaging heme uptake and transport in biological systems. Here, we show that TA microscopy has a detection sensitivity of 9 μM based on the electronic absorption at 520 nm. Such sensitivity allowed real time imaging of heme dynamics in C. elegans.
We used the TA signal at zero time delay to quantify the heme level. This method lights up total heme in living cells, including labile and protein-associated heme. Time-resolved TA microscopy can differentiate different states of heme based on the TA signal decay rate. The challenge facing time-resolved TA imaging is the speed. Using an optical delay line, a frameby-frame time-resolved TA image with 200 × 200 pixels takes about 1 min for 60 frames, which is not fast enough to truly capture dynamics. If a tuned amplifier array is used, 54 a parallel excitation and sampling scheme could be developed to increase the imaging speed by 32 times. Another approach would be to perform volumetric pump−probe imaging of heme distribution in living organisms by using Bessel beam geometry. 55 These efforts will render TA microscopy the potential to differentiate different states of heme such as oxidized and reduced heme, modified heme, and hemo-protein dynamics in living organisms.
■ CONCLUSION
We validated TA microscopy for imaging heme storage, distribution, and dynamics in living biological models. Specifically, we demonstrated 9 μM heme imaging sensitivity and established that the TA microscope was capable of detecting heme inside organs of C. elegans. We demonstrated the ability of TA microscopy to directly visualize heme dynamics within granules in C. elegans as well as heme distribution in mammalian cell lines. Integration of TA and other imaging modalities allowed label-free mapping of heme distribution to study subcellular heme localization. Our study establishes a new approach for studying heme storage, transport, and metabolism in living organisms.
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